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The objective of this paper is to clarify the factors that resulted in many landslides during the 2011 off the Paciﬁc Coast of Tohoku Earthquake.
The geology of the Tohoku district, the seismic motion of the main shock and the precipitation around the time of the earthquake are described.
As one of the characteristic phenomena observed around Shirakawa city in Fukushima prefecture and the mid-eastern part of Tochigi prefecture,
many of the slopes were characterized by a high distribution of sensitive volcanic cohesive soils. The estimated PGA and PGV around the areas
were therefore larger, which might have promoted the softening of the sensitive soils.
Although there had been little precipitation before the main shock, the landslides occurred mostly in the slopes containing the volcanic cohesive soils
with higher water content. The inﬂuences of the ground water as well as other factors on the seismic slope stability are discussed in each of the following
case studies. In order to clarify the mechanism of each landslide, the study focused on three typical landslides which occurred in the affected areas, i.e.,
the Hanokidaira, Okanouchi and Kami-kashiwazaki landslides. Detailed surveying with a laser proﬁler (LP) was carried out at the Hanokidaira and
Okanouchi landslides to enable the topography of each slope before and after the main shock to be accurately grasped. Analytical examinations for the
sliding mechanisms in each slope from an engineering point of view are made based on the numerical analyses with the actual soil properties observed in
the laboratory tests. According to the results obtained from the cyclic direct and triaxial tests using the undisturbed specimens of the clayey loams sampled
at the slip surfaces in each landslide, the shear strength can be reduced under cyclic loading and may eventually make the materials behave as those of
high-mobility. Strength reduction is believed to be caused by the destruction of the clay particle structures originated from the sedimentation. Since the
duration of the main shock exceeded three minutes, the slopes were subjected to the strong motion for a very long time. The sensitive cohesive soils
resulted in a state with high mobility, which might have been the reason for the long distances traveled by the debris.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The 2011 off the Paciﬁc Coast of Tohoku Earthquake
(Mw¼9.0) occurred on March 11, 2011, and was of a
magnitude never experienced in our country before. A huge
tsunami devastated the coastline of the Tohoku district to the
Kanto district and took so many human lives. The strong
ground motion caused great damage to buildings, infrastruc-
tures, lifelines, natural slopes and artiﬁcial ground. Further-
more, it should be noted that one of the features of this
earthquake was the huge number of aftershocks and other
induced earthquakes which followed.
Among the damage, many landslides and the liquefaction of
soft ground also led to loss of life as well as damaging manmadeFig. 1. Distribution ofstructures. In comparison with the 1995 Southern Hyogo
Prefecture Earthquake, in the 2011 earthquake, much of the
damage to structures was caused by the deformation of the
supporting ground in the form of landslides and liquefaction,
which is a notable feature of this earthquake. Thus, it seems rather
important to understand the distribution of the places where
landslides occurred and the mechanisms of landslides induced by
the earthquake, including the relationship with the intensity of the
earthquake ground motion.
The distribution of the landslides caused by the main shock
and the aftershocks on March 12 and April 11 is shown in
Fig. 1. This ﬁgure was based on the data obtained by many
researchers until May 19, 2011 and was provided by the
National Research Institute for Earth Science and Disasterlarge landslides.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559546Prevention (NIED). 121 landslides were distributed over a
wide area. Of these, 38 landslides occurred on artiﬁcial slopes
due to the main shock in Sendai city and the inland and coastal
region of Fukushima Prefecture. Among the landslides which
occurred on natural slopes due to aftershocks, 13 landslides
occurred on March 12 in Nagano Prefecture and Niigata
Prefecture, and 21 landslides occurred on April 11 in Iwaki
city in Fukushima Prefecture. The largest number of landslides
on natural slopes took place in Fukushima Prefecture, where
landslides occurred at a total of 58 locations. Landslides
occurred in 11 places in the area between Iwate Prefecture
and Miyagi Prefecture, and in 9 places in Tochigi Prefecture.
Furthermore, in addition to the 13 victims of the Hanokidaira
landslide in Shirakawa, 19 others were killed due to landslides:
17 in Fukushima and 2 in Tochigi.
The objective of this report is to clarify the feature of landslides
which occurred in the natural slope, and the collapse mechanism
caused by the 2011 off the Paciﬁc Coast of Tohoku Earthquake.
First of all, as the basic factor and cause of both slope failure and
landslide, the features of the geology of Tohoku district and the
seismic action of the main shock are explained. The relationship
between the distribution of the slope failure and landslide is
considered. Next, landslides are classiﬁed into different types based
on the failure mechanism, and are associated with the material
properties. Furthermore, as the typical example of each type,
Hanokidaira and Okanouchi in Fukushima Prefecture and Kami-
kashiwazaki in Tochigi Prefecture are chosen. Finally, the failure
mechanism is discussed from a geotechnical perspective based on
the damage conﬁguration and material properties.2. Geotechnical feature, seismic action and other
inﬂuenced factor
The geology in the Tohoku district is shown in Fig. 2
(Wakita et al., 2008). Of the places where landslides generated
by the main shock occurred, there was a large-scale failure of a
natural slope at Shirakawa city in Fukushima Prefecture. The
geology around Shirakawa city is formed by dacite Pyroclastic
Flow Deposit. The geology around the mid-eastern area
of Tochigi Prefecture is formed by a loam layer with
volcanic-ash.
In order to obtain the relationship between the intensity of
earthquake ground motion by the main shock and the
distribution of the landslide, the distributions of PGA and
PGV are shown in Fig. 3. Hence, the PGA and PGV are the
composited maximum value of three components observed by
a network named K-net and KiK-net currently exhibited by
NIED. The seismic records observed at an interchange of the
Tohoku highway by the East Nippon Expressway Company
Limited and the records observed by the Ministry of Land,
Infrastructure, Transport and Tourism are also used. As for the
distribution of PGA in the inland area, it was found that large
values were observed not only in the Kurihara plain in Miyagi
Prefecture near the seismic fault but also in Shirakawa in
Fukushima Prefecture and the mid-eastern area of Tochigi
Prefecture, despite being far from the seismic fault. Around thelandslide hit area, such as southern Iwate Prefecture, Tsukidate
in Miyagi Prefecture, Shirakawa in Fukushima Prefecture, and
the mid-eastern area of Tochigi Prefecture, PGA and PGV
exceeded 1 G and 60 cm/s, respectively.
Furthermore, the long duration of this earthquake is one of
its distinguishing features Arias intensity Ia is a useful intensity
index which considers the duration of strong earthquake
ground motion because the intensity is deﬁned as the sum of
the energies dissipated per unit weight. A trial which utilizes
an arias intensity to evaluate the shaking threshold for the
limits of falls and slides was performed (e.g. Harp and Wilson,
1995). Arias intensity Ia is expressed in Eq. (1) and is deﬁned
as a quantity which has a velocity dimension based on the time
integration value of the square of acceleration.
Ia ¼
2
g
Z Td
0
aðtÞ2dt ð1Þ
Hence, a(t), Td, g represents the acceleration (m/s
2) at time t,
duration (seconds) and gravity acceleration, respectively.
In comparison with the intensity of earthquake ground
motion PGA, which is used to evaluate the slope stability
during an earthquake, the relationship between the PGA and
Arias intensity is shown in Fig. 4, based on the relationship
obtained by the Iwate Miyagi inland earthquake in 2008. The
PGA is the value about the EW component obtained by K-net
and KiK-net in Tohoku and Northern Kanto district. Although
the maximum of PGA obtained by the Iwate Miyagi inland
earthquake is larger than that obtained by the 2011 off the
Paciﬁc Coast of Tohoku Earthquake, the maximum of the
Arias intensity obtained by the 2011 off the Paciﬁc Coast of
Tohoku Earthquake is larger than that obtained by the Iwate
Miyagi inland earthquake. Furthermore, at the ﬁve places
where slope failure was generated, the relationship between
PGA and the Arias intensity is shown in Fig. 5. The slope
failures that occurred in Aratosawa, Nuruyu and Ichinonohara
in Miyagi Prefecture were generated by the 2008 Iwate Miyagi
inland earthquake. The slope failure that took place in
Yamakoshi was caused by the 2003 Niigata chutetsu earth-
quake. The acceleration waveforms at these places for the main
shock were estimated based on the aftershock observations. It
is found that, PGA and the Arias intensity exceeded 600 Gal
and 400 cm/s, respectively. Although this result is based on
limited data, it is suggested that rather than a single index two
or more indices which include the factors of seismic action
should be used to evaluate the failure mechanism.
In order to evaluate the effect of the precipitation on
landslides, the precipitation measured from four months before
the main shock to one month after by the AMeDAS data of the
Meteorological Agency is shown in Fig. 6. In March 2011, this
area had little precipitation as it was a relatively dry period.
Fig. 6 shows the effective precipitation by half reduction for
72 h that closely related to a landslide. Although at the time of
the main shock there was effective precipitation left over from
February 18, this had little effect because the amount was as
little as 6.65 mm in Shirakawa, Fukushima Prefecture, and
5.27 mm in Shioya, Tochigi prefecture.
Fig. 2. Geological Map of Tohoku region. Legend of this ﬁgure is referred to the paper (Wakita et al., 2008).
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559 5473. Type classiﬁcation for the landslides induced by the
main shock
The landslides that occurred in this area are roughly classiﬁed
based on the geological and geographical features, as follows:(a) Rock fall: The occurrence of rock falls in the slopes outcropped
the welded tuff which makes up the local base and was themain constituent of the Shirakawa pyroclastic ﬂow sediments.
As an example, the rock fall that occurred in Habuto Manako in
Nishigo village is shown in Photo 1. In this rock fall, the
welded tuff slopes, which formed an approximately vertical
cliff, collapsed in blocks along cooling cracks, and the size of
blocks was determined by the cooling crack.(b) Landslides in the volcanic cohesive soil slopes: This is a
typical landslide that occurred in the main shock. As an
Fig. 3. Distribution of PGA and PGV for the main shock.
Fig. 4. Comparison of the relationship between PGA and Arias Intensity
according to EW component of strong earthquake motions observed in Tohoku
and Northern Kanto district in the main shock with that observed in the 2008
Iwate Miyagi Inland earthquake.
Fig. 5. Relationship between PGA and Arias Intensity according to EW
component of strong earthquake motions estimated at the site of landslide that
occurred in the recent earthquakes.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559548example, the landslides in Odagawa Yabeya in Shirakawa
city are shown in Photo 2. The slip surfaces were formed
in the volcanic cohesive soil layers.(c) The settlement and ﬂow of the artiﬁcial slopes: Such kind
of failures occurred in the artiﬁcial slopes of land created
for industrial estates, sports facilities and housing, or ﬁlled
agricultural land shown in Photo 3. In the slopes with high
ground water elevation, liquefaction occurred. Thesettlement of the slope was caused by shaking, and the
slope ﬂowed out.Such a variety of landslide types was also common in
previous earthquakes. However, it has to be noted that most of
the landslides characterized by long-distance travel occurred in
slopes mainly composed of volcanic cohesive soils during this
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Fig. 6. Hourly precipitation and the effective precipitation by half reduction for 72 h in Shirakawa, Fukushima prefecture, and Shiotani, Tochigi prefecture, using
by the AMeDAS data of the Meteorological Agency.
Photo 1. Rock falls in Habuto Manako in Nishigo village.
Photo 2. Landslides in Odagawa Yabeya in Shirakawa city.
Photo 3. Failures occurred at the artiﬁcial slope of the ﬁlled up
agricultural land.
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very long duration of the earthquake motion, which made the
sensitive soils much softer, and therefore slopes including such
materials suddenly became unstable. On the other hand, the
fact that only a small number of landslides occurred in the
Tertiary deposit areas is an important feature of this earth-
quake. In the following chapter, examples of three different
types of landslides with long-distance travel, which occurred in
the slopes mainly composed of volcanic cohesive soils, are
illustrated in detail. The former two examples were observed in
Shirakawa, Fukushima prefecture. South of the border lies
Tochigi prefecture, which is included in the third example.4. Case studies of each landslide
4.1. EXAMPLE I: The Hanokidaira landslide in Shirakawa
4.1.1. Description of Facts, geomorphological and geological
characteristics
On the slope of a hill with an elevation of about 400 m
located about 1.5 km north of downtown Shirakawa City, arapid landslide with maximum length (L1) of 115 m and
maximum width (W1) of 65 m occurred (Photo 4). The
maximum distance traveled by the landslide soil mass (L2)
was 140 m with a maximum width (W2) of 115 m. The
damage was severe: a total of 10 buildings were totally
destroyed, and 13 people were killed. L2/L1¼1.2, and W2/
W1¼1.8, and it is assumed that one of the causes of the severe
damage was that the soil mass moved a relatively long distance
before expanding to the sides.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559550The range covered by the landslide can be conﬁrmed based
on the LP topographical maps (Fig. 7) of before and after the
landslide. The landslide occurrence area (erosion area) is the
top of a mountain ridge and a northeast facing slope with a
gentle gradient of 10–201 below the mountain ridge. The slope
where the landslide occurred did not display any clear land-
slide topography. Below the gentle slope, due to the east-
facing valley topography, the direction of movement of the
landslide changed from north-east to east. The maximum
relative elevation (collapse depth) of the scarp is 5 m, and
the maximum relative elevation (collapse depth) of the left side
cliff is 13 m. Part of the valley topography has, according to
the level-difference map (Fig. 7) of the LP data, an erosion
depth and deposition depth of 1m or less. On site, it was
conﬁrmed that the landslide soil mass was deposited on the
black soil, the surface soil before the landslide, thus it is
assumed that this was a transport area. In the deposition area,Photo 4. View from a helicopter.
Fig. 7. Change of LP byearthwork was done using heavy equipment after the landslide,
so that the topography observed in the LP data was artiﬁcially
shaped.
The Shirakawa hills consist of a volcanic ash type surface
layer on top of the Shirakawa pyroclastic ﬂow deposits. There
were multiple layers of tephra consisting of scoria and pumice
within the volcanic ash soil layer (Fig. 8a). Considering their
constituent materials, facies, and order of stratiﬁcation, it is
assumed that they correspond to Sr7 to Sr10 of Suzuki, 1992.
In the Hanokidaira District, the horizon, which was the slip
surface, was approximately Sr10 at both Loc. 1 (scarp) and at
Loc. 2 (left side cliff) shown in Fig. 7. Regarding soil
properties, with the bottom surface of Sr9 as the boundary,
the upper part was sand and the lower part was clay. At the
side cliff, the tephra layers, such as Sr9,were deposited at an
incline of about 301.
A hardness proﬁle (Fig. 8b), obtained by a soil hardness
gauge near the slip surface, shows high hardness near Sr8 to 9,
and reveals an abrupt fall in hardness directly below. The
material properties of the volcanic soil near the slip surface
were of soft ﬁne clay with a high clay content, and a high
natural water content and liquidity index. In contrast, the
volcanic soil between Sr8 and Sr9 has low clay content, natural
water content and liquidity index. For these reasons, in
addition to the decline of the strength near Sr10, which was
the slip surface, the fact that stress was concentrated on the
softness-hardness boundary (between Sr9 and Sr10) by the
earthquake is assumed to be the cause of failure of the slip
surface. And the failure surface was a tephra layer continu-
ously deposited on the slope, presumably causing a series of
slopes to slide.
In the Shirakawa hills surrounding Shirakawa, there are a
number of rapid landslides with similar characteristics occur-
ring even outside the Hanokidaira District, where a volcanicthe Earthquake.
Pumice
Scoria
Rock fragment
Coarse volcanic ashes 
Fine volcanic ashes 
Brown soil
Crack zone
Mudflow deposit
Main Scarp Left flank
5
6
0
1
G.L.-m G.L.-m
Slip surface
Fig. 8. Stratigraphic column (A) and soil hardness proﬁle (B) in Hanokidaira.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559 551soil layer collapsed and ﬂowed in a relatively long distance.
The slip surface is near Sr10 or TkP directly below Sr9, and as
with the Hanokidaira District case, presumably occurred due to
the weakening of some of the clay weakened as a result of
weathering.
4.1.2. Soil property and mechanism
The slip surface of the landslides that occurred in the volcanic
cohesive soil distributed area was formed along Sr10 tephra or
TkP tephra, as mentioned above. In the lower Sr9 tephra, apaleosol had developed, as indicated by the accretionary lapilli
with a particle size of 3–5 and the carbonization of stigmaria.
This buried soil contains Sr10 and TkP tephra, and also
weathered pumice. The geological proﬁle of scarp in the
Hanokidaira landslide is shown in Photo 5.
The undisturbed samples were taken from the paleosol and
weathered pumice layer which corresponded to Sr10 tephra.
The plastic indices of the paleosol and weathered pumice were
20.9% and 38.4%, respectively. A series of the direct shear
tests by using the samples of the weathered pumice was carried
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559552out to examine not only the brittle property of the failure to an
impact action such as a seismic action but also the property of
displacement caused by an excess shearing stress generated
after failure. A specimen of a normal size with a diameter of
6 cm and height of 2 cm was taken from the undisturbed
sample using a cutter ring. After consolidation, the shear
process was carried out under normal pressure with overburden
pressure. The drainage condition during the shear process was
the constant volume, while the rate of the shear displacement
was 0.20 mm/min. After the normal shearing test, a cyclic
shearing test was carried out under the same normal pressure.
In the cyclic shearing test, the shear displacement condition
was with both swings repeating at 7 mm. The results of the
direct shear test for the weathered pumice and the paleosol are
shown in Fig. 9(a) and (b). The weathered pumice softened
after its peak strength, and became brittle. On other hand, the
strength of paleosol during softening behavior was lower than
for weathered pumice, and it became ductile after peaking.
These results support the assumption that the slip surface was
developed in this weathered pumice.
Based on the cyclic shear test, the peak shear strength and
residual shear strength are shown in Fig. 10 with estimated
failure criterion lines for the two strength characteristics. In
order to quantify the ductility of the weathered pumice, thePhoto 5. Geological section near the slip surface level at the head scarp of
Hanokidaira landslide, Shirakawa city.
Fig. 9. Strength characteristics obtained by the direct shear test of samples inbrittle degree St was evaluated by the following equation
speciﬁed as a ratio of the peak strength τmax with the residual
shear strength τr. In the equation, σ represents normal stress.
The value corresponds to a ratio of two shear strengths at the
normal stress obtained by two failure criterion lines as shown
in Fig. 10.
St¼ τmax
τr
¼ 79:8
σ
þ3:96 ð2Þ
The brittle degree of the weathered pumice was more than
3.96. This is important for showing that the weathered pumice
results in large displacement after failure. The following is the
assumed process for this landslide which was characterized by
a long travel distance and was generated in the weathered
pumice layer. At ﬁrst, impact force acted on the ridge of the
slope during the strong shaking of the ground. The force
caused a slip surface to progress in the weathered pumice
layer. The debris accumulated in the middle of slope, forming
a thick line. Due to the ﬁrst failure, a secondary failure
occurred and the debris ﬂowed into the valley Fig. 11.4.2. EXAMPLE II: The Okanouchi landslide in Shirakawa
4.2.1. Description of facts, geomorphological and geological
characteristics
A slope in the hills with an elevation of about 430 m located
about 10 km north of downtown Shirakawa City, was the sitethe Hanokidaira landslide. (a) Weathering pumice and (b) paleosol.
Fig. 10. Comparison of the peak and the residual strength of the weathering
pumice of the Hanokidaira landslide.
Fig. 11. LP Topography before the Earthquake.
Photo 6. View from a helicopter.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559 553of a rapid landslide with maximum length (L1) of 70 m and
maximum width (W1) of 50 m (Photo 6). The maximum
distance the landslide soil mass moved (L2) was 105 m, and
soil was deposited to a maximum width (W2) of 80 m at the
sides, claiming one life and totally destroying a house. L2/
L1¼1.5, and W2/W1¼1.6.
It was possible to conﬁrm the range covered by the occurrence
of the landslide based on LP topographical maps (Fig. 12) of
before and after the landslide. The landslide occurrence area(erosion area) is a south-facing mountain ridge slope with gradient
between 201 and 301. The slope where the landslide occurred did
not display clear landslide topography. It was conﬁrmed that the
slopes on both sides where the landslide occurred have concave
(valley) topography. A site survey also conﬁrmed concave (valley)
topography, and traces of a past collapse, judging from the location
and shape. The landslide occurred on a convex mountain ridge
slope enclosed by steep slopes greater than 301, where the
earthquake motion was large due to the topography. The scarp is
a horseshoe shape with a relative height of 10 m. The LP data
level-difference map (Fig. 12) shows that the affected area (erosion
area) was not very large. The state of the deposition of the soil
mass at the bottom end is not clear because it was removed during
the survey. The topography seen in the LP data is artiﬁcially
shaped.
The geology at the location where the landslide occurred is a
brownish-yellow aeolian loam layer, containing scattered
pumice, scoria particles and welded tuff gravel.
4.2.2. Analysis of a mechanism based on geological
conditions
The material of the debris was strongly disturbed as it was
mainly composed of softened clayey loams containing a large
number of light-colored stiffer loamy lumps which were
crushed into around 0.3–1 m in diameter (Photo 7). A portion
of the scratched planar slip surface was exposed at the center
of the collapsed area (Photo 8). The material at the slip surface
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559554appears to be a clayey loam including a lot of small stone
pieces of about 0.2–0.5 m in diameter. The inclination of the
planar surface is approximately 161, which is almost the same
as the dip angle which was measured by the several tephra
layers observed in the exposed vertical cliff. The geological
formations and the observed slip surface in the center cross
section of the slope are shown in Fig. 13. The maximum depth
of the sliding block is about 10 m below the slope surface.
The volcanic cohesive soil or loam is a dominant material in
the slope and contains a few types of loamy layers with different
stiffness and particle sizes, as well as a thin pumice layer. In the
exposed cliff, three thin layers with a lot of small tuffaceous
stone pieces can be found, suggesting this slope has experienced
large-scale landslide events on several occasions. The observed
planer slip surface was between a lower loam layer reinforced
with a mixture of small tuffaceous stone pieces and an upper
clayey loam layer that may easily be softened by seismic
excitation.Fig. 12. Difference between LP be
Photo 7. Observation of the tephra layer in the exposed vertical clA close-up of a block soil sampled at the foot of the exposed
vertical cliff was used to investigate the mechanical properties
of the material around the slip surface. The material is a
brown-colored clayey loam with many ﬁne materials. The
particle size distribution is shown in Fig. 14. The natural water
content and the liquid limit of the material were 83.9% and
97.8%, respectively. The sensitivity ratio estimated from
unconﬁned compression tests was about 3.0, which was not
a particularly low value. The cohesion and the internal friction
angle as the peak strength under the natural water content
conditions were measured to be 7.1 kN/m2 and 49.31, respec-
tively. A series of undrained cyclic triaxial tests of undisturbed
specimens were also performed under unsaturated conditions
of actual soils in the slope. The initial effective conﬁning
pressure in the tests was set as 100 kN/m2 around the bottom
of the sliding block. Fig. 15 shows one of the examples of the
observed results in the cyclic triaxial tests. The apparent shear
resistance gradually decreased, while the excess pore waterfore and after the earthquake.
iff. (a) Tephra layer and (b) light-colored stiffer loamy lumps.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559 555pressure ratio was kept much lower than 1.0. It suggests that
the undrained shear strength of the unsaturated clayey loam in
the slope could have been decreased without any remarkable
accumulation of excess pore water pressure during the
earthquake.
The apparent liquefaction strength curve for DA¼5% was
measured by the cyclic triaxial tests. The relationships between the
amplitude of shear stress ratio and the number of cycles are shown
in Fig. 16. In this ﬁgure, the simulated curve by the UW softening
model in total stress formulations (Wakai et al., 2010) is compared
to the observed results. The effect of the excess pore water pressure
under cyclic loading is modeled as the decreasing functions of the
undrained shear strength parameters with the accumulated shear
strain. The material parameters used for the simulation are
summarized in Table 1. The simulated curve agrees with the ones
obtained by the laboratory tests.
Based on the above numerical modeling, the ﬁnite element
simulation for the landslide was performed. A geological structure
assumed in the analysis and the discretized ﬁnite element meshes
(8-nodes) is shown in Fig. 17. As for the clayey loam layer, thePhoto 8. Exposed planar slip surface with clayey loam including many small
stone pieces.
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Fig. 13. Geological formations at theUW softening model is adopted, while the lower layer is modeled
as the original UW model without cyclic softening (Wakai and
Ugai, 2004). The parameters for other materials are shown in
Table 2. The amplitude of horizontal component observed at K-net
Shirakawa were adjusted to correspond with the response at the
ground surface in the ﬁnite element meshes. The time history is
used as the input horizontal acceleration at the base shown in
Fig. 18.
The horizontal displacement at point A in Fig. 17 became
approximately 11 m after the earthquake. Note that this value
continued to increase even after the earthquake motion ended. The
residual deformations and the shear strain distribution at 130 s after
the end of the seismic motion are shown in Fig. 19. The long-
distance movement of the sliding block along the upper end of the
stiffer layer is evident. This result is in agreement with the actual
phenomenon. Note, however, that the predicted velocity of the
sliding mass may not be sufﬁciently accurate. Although an exact
simulation of the high-speed movement cannot be obtained, this
analysis provides information for judging the occurrence of such a
catastrophic failure.e before failure 
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Fig. 14. Particle size distribution of the sampled clayey loam.
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Table 1
Analytical parameters used for the simulation of the clayey loam behavior by
the UW softening model.
Materials Surface
soil
Clayey loam Sand and
gravel
With
softening
Without
softening
Young's modulus
EðkN=m2Þ
100,000 13540ðp0Þ0:5 1,000,000
p0: Initial conﬁning
pressure
Poisson's ratio ν 0.4 0.4 0.3
Cohesion cðkN=m2Þ 50 49.3 100
Internal friction angle
ϕðdegÞ
0 7.1 45 45
Dilatancy angle ψðdegÞ 0 0 0
bUγG0 (Parameter for
damping)
6.28 2.5 1.1
n (Parameter for
damping)
1.58 2.2 2.8
Unit weight γðkN=m3Þ 15 15.28 18
Residual strength ratio
τf r=τf 0
– 0.5 – –
A (Parameter for
softening)
– 10 – –
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Takanezawa
4.3.1. Description of facts, geomorphological and geological
characteristics
Catastrophic landslides with a long-distance mass movement
occurred in the Kami-kashiwazaki district, near Takanezawa-town,
located in the left bank side of The Kinu River in the eastern part
of Tochigi Prefecture. The horizontal maximum acceleration
observed at the K-net Motegi, which is 25 km southeast from this
site, was 711 and 1205 Gal in the NS and EW components,
respectively. As was the case in the previous example, the strong
earthquake ground motion was thought to have triggered thelandslides, which were made possible by the strength degradation
of sensitive clay layers.
The landslides around this site were induced at the shoulder
of a typical loamy terrace of tall cliffs about 25 m in height.
Such topography is common in this area, and the loam layers
sometimes contain more sensitive and weaker layers; e.g., a
milky-white-colored tuffaceous clay layer and a clayey loam
layer of weathered pumice. Measurements of the physical
properties of similar tuffaceous clay (Photo 9) in Tochigi
revealed that its natural water content and liquid limit were
49.3% and 50.1%, respectively. Since those values are close to
each other, the material could easily have behaved like a ﬂuid
after sudden strength degradation.
In the affected area, the steep cliff forming the terrace is a
downhill slope toward the west, while the direction of the
convex break of the terrace runs almost north to south. After
the earthquake, a few intermittent cracks and gaps were
observed in the ﬂat residential lands on the terrace, as shown
in Fig. 20. They are almost parallel to the convex break,
passing through the bottom of the foundations of several
houses.
Within the damaged area, which extended to about 600 m,
there were two induced catastrophic landslides, K1 and K2, as
shown in Photo 10(a) and (b). The inclination and the relative
height of both slopes are approximately 351 and 25 m,
respectively. The sliding block which involved the foot of
the cliff was strongly disturbed, and it moved 40 m horizon-
tally in both slopes. A portion of the debris behaved like ﬂuid
and moved approximately 100 m downward along the valley.
The abundant groundwater supply from the rear of the slope
may have promoted the movement: the fact that such little
Clayey loam
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Clayey loam with s tones
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Surface layer
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Fig. 17. Discretized ﬁnite element meshes with material assignment.
Table 2
The parameters for other materials.
Rayleigh Damping
α β
0.0571 0.000578
Fig. 18. Time history of the input horizontal acceleration.
Shear strain (%)
0. 100.
Earthquake-induced
deformation  : × 1.0
Fig. 19. Residual deformations and the shear strain distribution at 130 s after
the end of the seismic motion. (a) Residual deformation and (b) shear strain
distribution.
Susumu Nakamura et al. / Soils and Foundations 54 (2014) 544–559 557ﬂooding was observed in a concave topography adjacent to the
cliff foot after the earthquake suggests this was the case.
4.3.2. Analysis of a mechanism based on Geological
conditions
Fig. 21 is the center cross section of landslide K1, which is
similar to landslide K2. Here, a 1 to 2 m thick sensitive clay layer,
which was composed of a milky-white-colored tuffaceous clay
with pumice, was found at the depth of the cliff foot sandwiched
by the lower sandy gravel layer and the upper loam layer of the
terrace body. During the earthquake, the strength of this sensitive
clay suddenly decreased, causing the long-distance travel of the
sliding block of the slope. The mechanical properties for this clay
seemed to be similar to those of the tuffaceous clay sampled at
the Hanokidaira Landslide in Shirakawa. Cyclic shear stress tends
to be concentrated in the thin clay layer which is easily softenedby excitation. This is one of the major factors contributing to the
occurrence of the earthquake-induced catastrophic landslides.
5. Conclusions
The 2011 off the Paciﬁc Coast of Tohoku Earthquake
caused many landslides resulting in the loss of life. In this
paper, the area around the landslides, their geological features,
the seismic actions, and some of the features concerning
precipitation were described. After such comprehensive exam-
inations, examples of three different types of landslides with
Photo 9. Milky-white-colored tuffaceous clay with weathered pumice fre-
quently found in loamy cliffs in Tochigi Prefecture.
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Fig. 20. Plan view of the affected site around the Kami-Kashiwazaki District
in Takanezawa-Town, Tochigi Prefecture.
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posed of volcanic cohesive soils were illustrated in detail. The
main conclusions obtained in this study are as follows:(1) During this earthquake, the PGA and PGV around the
landslide occurred area exceeds 1 G and 60 cm/s respec-
tively. The very long duration of the earthquake motion
was shown to cause the extensive softening of the
sensitive soils.(2) The landslides that occurred during this earthquake can be
roughly classiﬁed into three types; the rock falls, the
landslides with long-distance travel in the volcanic cohe-
sive soil slopes, and the settlement and ﬂow of the artiﬁcial
slopes. The majority fell into the second category.(3) The range of occurrence of the landslide at Hanokidaira
and Okanouchi was conﬁrmed based on the comparison of
LP topographical maps of before and after the landslide.
The maximum travel distances of the landslide soil mass at
Hanokidaira and Okanouchi were 140 m and 105 m,
respectively.(4) As for the Hanokidaira landslide, multiple layers of tephra
were found to consist of scoria and pumice within the
volcanic ash soil layer. The collapsed slope did not have
any clear landslide topography. There was a signiﬁcant
difference between the peak strength and residual strength
of the volcanic ash layer containing a pumice stone. Due to
this characteristic, a long travel distance landslide occurred
when the excess shear force acted on the sliding soil mass.
The force was caused by the difference between the peak
and the residual strength.(5) With the Okanouchi landslide, the topography at the
location of the occurrence is convex, and the slope of the
convex mountain ridge is enclosed by steep slopes of
greater than 301. The softening of the clayey loam reduced
its shear strength due to the destruction of the skeletons of
soil structures under cyclic loading, and this resulted in
massive soil slippage. The FEM-based simulation results
conﬁrmed that the soil resistance was greatly reduced due
to the stress concentration in the clayey loam.(6) In the case of the Kami-kashiwazaki landslide, the
inclinations of the cliff, where the major landslide
occurred, were of a steep slope of about 351. The soil
traveled a distance of about 40 m, with some of the soil
traveling as far as 100 m. The strength characteristics of
the soil around the slip surface in the Kami-kashiwazaki
landslide are similar to those of the Hanokidaira landslide.
The layer is composed of tuffaceous clay with sharp
pumice stones. The rapid reduction in strength during the
earthquake resulted in the instability of the whole slope.
The abundance of groundwater appears to have accelerated
the ﬂow of the landslide soil mass.Slopes damaged by big earthquakes are often known to
spread by subsequent heavy rain falls. The potential risk of
slope failure may slightly increase due to both the visible and
invisible structural defects in the slope. A landslide in the
Kuragasaki district, Sakura-city, located in the center of the
Tochigi Prefecture, is one such case where a landslide occurred
at the time of heavy rainfall after the earthquake. We have to
pay attention to such sensitive clay in the steep slopes which
Photo 10. Collapsed loamy cliff observed at each sliding block. (a) Sliding block K1 and (b) Sliding block K2.
10m
Clayey loam
Gravelly clay
Debris
Sand and gravel Tuffaceous clay
Fig. 21. Geological formations at the center cross section in Sliding Block K1
(similar to Block K2).
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possible disasters especially in times of heavy rainfall.
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